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Guide RNAs with 5 Caps and Novel
Box C/D snoRNA-like Domains for
Modification of snRNAs in Metazoa
duced by small nucleolar RNP particles (snoRNPs). Box
C/D snoRNPs direct 2-O-methylation, while box H/ACA
particles are involved in pseudouridylation (reviewed in
[4]). The RNA components of the snoRNPs select the
sites for modification by engaging in extensive base
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ylation and pseudouridylation are believed to be carried295 Congress Avenue
New Haven, Connecticut 06536 out by a snoRNP core protein specific to each particle
class.
Box C/D snoRNPs are composed of a small RNA mole-
cule, typically 70–90 nt long in vertebrates, and a set ofSummary
at least four proteins: fibrillarin, which is the methyltrans-
ferase [5, 6], Nop56, Nop58, and 15.5 kDa (reviewedBackground: Spliceosomal snRNAs and ribosomal
in [4]). All box C/D snoRNAs contain four conservedRNAs in metazoans contain numerous modified resi-
sequence elements: boxes C and D close to the 5 anddues that are functionally important. The most common
3 termini, respectively, and internal copies of each boxmodifications are site-specific 2-O-methylation and
referred to as C and D. The termini usually form a shortpseudouridylation, both directed by small ribonucleo-
stem, which together with boxes C and D conform toprotein particles. Each particle is composed of a short
an RNA structural motif termed the kink-turn (K-turn)guide RNA and a set of several proteins. All previously
[7], found also in U4 snRNA [8, 9], 23S rRNA [10], andcharacterized modification guide RNAs in metazoa are
prokaryotic mRNAs [11]. The box C/D snoRNA kink-turnencoded in and processed from introns.
motif has been identified as the binding site for the 15.5Results: We have identified and characterized three
kDa protein [7, 12], which is essential for further particlenovel guide RNAs for conserved 2-O-methylation of U2,
assembly, including the binding of fibrillarin [13].U4, and U12 snRNAs. Two guides, termed mgU2-25/61
The spliceosomal snRNPs undergo biogenesis in oneand mgU12-22/U4-8, appear to be independently tran-
of two ways. U6 (and most likely U6atac) snRNA is syn-scribed as judged by the presence of methylated guano-
thesized by RNA polymerase III (pol III) and is modifiedsine caps at their 5 ends and upstream promoters simi-
and assembled with proteins in the nucleus (reviewedlar to those of telomerase RNA. These guide RNAs are
in [14]). In contrast, U1, U2, U4, and U5 (and most likelyeach composed of a canonical box C/D snoRNA and a
U11, U12, and U4atac) snRNAs are made by RNA pol IInovel box C/D snoRNA-like domain, where the C/D
and follow a distinct maturation pathway (reviewed inmotif, rather than C/D, can be folded into a conserved
[14]). These newly transcribed RNAs are exported tokink-turn structure. The snoRNA-like domains are pre-
the cytoplasm, where they assemble with the Sm coredicted to direct 2-O-methylation of invariant G residues
proteins and undergo cap trimethylation. Subsequently,that occupy analogous positions in the U2 and U12
the RNPs are shipped back to the nucleus; there, theysnRNA secondary structures. A third guide, mgU2-19/30
are believed to transit through the nucleoplasmic struc-RNA, is composed of two canonical box C/D snoRNA
tures known as Cajal bodies where they acquire numer-domains encoded within a single intron.
ous 2-O-methyl groups and pseudouridines [15]. Addi-Conclusions: This is the first description in metazoan
tion of these modifications may trigger further assemblycells of 5-capped modification guide RNAs that appear
with snRNP-specific proteins, e.g., the U2-specific SF3ato be independently transcribed. Since plant, yeast, and
and SF3b splicing factors [16–18]. Indeed, unmodifiedprotozoan guide RNAs are mostly independently tran-
U2 snRNA binds the Sm core proteins but fails to assem-scribed, the identification of such RNAs argues that an-
ble with the SF3a and SF3b factors [19].cestral metazoans possessed independently tran-
By constructing libraries of small RNAs, several guidescribed guide RNAs and only later, during the evolution
RNAs for modification of RNA pol II-transcribed spliceo-of metazoan organisms, did the guide RNA genes shift
somal snRNAs have been recently isolated from verte-to introns.
brate [20–23], Drosophila [24], and plant [25] species.
The vertebrate snRNA guides are more complex than
Introduction their counterparts for modifying rRNA; often they consist
of two snoRNA domains. These composite guides pos-
Stable RNAs in eukaryotic cells are subject to extensive sess either one box C/D and one H/ACA [22] or two box
posttranscriptional modification (reviewed in [1]). The H/ACA [23] domains. Others are typical single-domain
most common modifications in ribosomal RNAs (rRNA) box C/D or box H/ACA RNAs [20, 22]. Consistent with
and small nuclear RNAs (snRNA) are 2-O-methylation the subnuclear localization of the modification process
of selected sugar moieties and conversion of specific [15], these guides are found in Cajal bodies and are often
uridines to pseudouridines (reviewed in [2, 3]). Both referred to as Cajal body-specific RNAs or scaRNAs [22,
types of modification in rRNA and U6 snRNA are intro- 23]. A tetranucleotide has been identified as a signal
responsible for targeting box H/ACA scaRNAs to Cajal
bodies [26].*Correspondence: joan.steitz@yale.edu
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All known metazoan modification guide RNAs are en- the first observation of a doublet box C/D RNA. The
doublet and the mgU2-30 singlet accumulate to equiva-coded within introns of either protein coding or noncod-
ing genes (reviewed in [27]). Exonucleolytic trimming of lent levels in HeLa cells, while mgU2-19 is less abundant
(10%–20%). All three RNAs are precipitable with anti-the spliced and debranched introns gives rise to mature
snoRNAs with 5-monophosphate and 3-hydroxyl ter- fibrillarin antibodies (data not shown).
The proposed secondary structures of the mgU2-19mini [28, 29]. A small fraction of yeast and plant snoRNAs
exhibit similar gene organization. However, most snoRNAs and mgU2-30 domains in mgU2-19/30 RNA conform to
those of canonical box C/D snoRNAs, with boxes C andin these organisms are independently transcribed either
as mono- or polycistronic units (reviewed in [30]). In D involved in putative kink-turn formation (Figure 3).
Consistent with this observation, the 5 and 3 ends ofyeast, the polycistronic as well as some monocistronic
RNAs are processed by RNase III to yield the mature the individual mgU2-19 and mgU2-30 RNAs map to the
positions common to all box C/D snoRNAs (Figure 3RNAs [31, 32].
Here, we describe the identification and characteriza- and data not shown). (The 5 ends were mapped by
primer extension, while the 3 ends were inferred fromtion of three novel metazoan guide RNAs for 2-O-meth-
ylation of spliceosomal snRNAs. One guide is composed the migration of the RNAs in the gel and the length of
the terminal stems.) Unexpectedly, the 5 end of theof two canonical box C/D snoRNA domains and two
feature a box C/D snoRNA downstream of a novel box doublet mgU2-19/30 extends 28 nts upstream of the
mgU2-19 domain, as determined by primer extension.C/D snoRNA-like domain. In all cases, the domains are
arranged in tandem. While one guide is encoded in and At present, the functional significance of this extension,
as well as how it is protected from 5 exonucleases, isappears to be processed from an intron, the two others
exhibit novel genomic organization. They are apparently unclear.
encoded in intergenic regions and appear to be indepen-
dently transcribed.
Identification of Guide RNAs with Novel Box C/D
snoRNA-like Domains
Discovery of the doublet organization of mgU2-19/30Results
RNA prompted us to examine whether recently identified
canonical box C/D RNAs proposed to direct 2-O-meth-A Doublet Intron-Encoded Box C/D Guide RNA,
mgU2-19/30 ylation of vertebrate RNA pol II-transcribed snRNAs rep-
resent stable domains of longer RNAs. By constructingSince the 2-O-methylation patterns of the major
spliceosomal snRNAs from several vertebrate species libraries of small RNAs, Huttenhofer et al. [20] identified
three mouse canonical box C/D RNAs, MBII-19, MBII-have been established (compiled in [3, 33]), we predicted
the sequences of the antisense elements for 2-O-meth- 119, and MBII-382, which they proposed guide the modi-
fication of U2, U4, and U2 snRNAs, respectively. Usingylation of U1, U2, U4, and U5 snRNAs. We then designed
query sequences for database searches also including a similar approach, Darzacq et al. [22] identified a human
MBII-119 homolog termed U91.boxes C, C, D, and D (see Experimental Procedures
for details). Using database searches, we have identified the hu-
man homolog of MBII-382. Northern blot analysis ofUsing the BLAST algorithm, we found an 80 nt long
sequence in the human database that can specify an MBII-382 and U91 revealed longer RNAs of about 400
nucleotides in HeLa cells (Figure 2, lanes 4 and 6). Com-RNA containing boxes C, C, D, and D as well as a 10
nt long antisense element that positions A30 of U2 parison of genomic sequences between various ver-
tebrate species revealed a striking evolutionary conser-snRNA for 2-O-methylation. We named this putative
guide RNA methylation guide for U2 snRNA residue 30 vation of the 5 but not the 3 flanking sequences of
MBII-382 and U91, arguing that the longer forms pos-(mgU2-30). Human mgU2-30 RNA was independently
identified later by Zhou and Qu as Z32 snoRNA (Gen- sess 5 extensions. Indeed, 5 and 3 end mapping by
primer extension and polyA tailing followed by RT-PCR,Bank Accession Number AJ009638). Inspection of the
genomic sequences surrounding mgU2-30 revealed an- respectively (data not shown), revealed RNAs of 420 or
421 nts in length, with the 3 ends similar or identical toother box C/D snoRNA sequence about 175 nts up-
stream. This putative guide RNA possesses an 8 nt long those reported for MBII-382 or U91, respectively.
Portions of the sequences upstream of the MBII-382antisense element for methylation of G19 also in U2
snRNA and is therefore referred to as mgU2-19. Indeed, and U91 domains can be folded into box C/D snoRNA-
like secondary structures with antisense elements pre-G19 has been reported to be 2-O-methylated (see Fig-
ure 1) [3, 33]. dicted to direct 2-O-methylation of G25 in U2 snRNA
and G22 in U12 snRNA, respectively (Figures 4A andSurprisingly, both putative guide RNA sequences re-
side within the same intron of the apparently single copy 4B). Therefore, we named the longer forms mgU2-25/
61and mgU12-22/U4-8. In mgU2-25/61, the mgU2-61KIAA1731 human gene specifying a protein of unknown
function. Related copies (93% identical) of both RNAs domain corresponds to MBII-382, which has been pre-
dicted to direct methylation of C61 in U2 snRNA [20].are also found in an intron of the translation initiation
factor eIF1A gene. Full-size mgU2-19 and mgU2-30 In mgU12-22/U4-8, the mgU4-8 domain is identical to
U91 RNA that was predicted to guide methylation of C8probes hybridized to species of the expected size (Fig-
ure 2, lanes 1 and 2). However, each probe also hybrid- in U4 snRNA [22].
Interestingly, in the upstream domains, U2-25 andized to an RNA that possesses both mgU2-19 and
mgU2-30 domains, referred to as mgU2-19/30. This is U12-22, the C/D motif rather than C/D can form puta-
5 End-Capped Modification Guide RNAs in Metazoa
1987
Figure 1. Human U2 and U12 snRNAs
Modified nucleotides are specified as follows. Am, Cm, Gm, and Um: 2-O-methyladenosine, -cytidine, -guanosine, and -uridine, respectively;
m6A: N6-methyladenosine; m32,2,7G: 2,2,7-tri-methylguanosine;: pseudouridine. The 2-O-methylated residues that are the products of mgRNAs
described here are indicated by solid arrows. Modification of U2 and pseudouridylation of U12 snRNA were established earlier (compiled in
[3]), while 2-O-methylation of U12 has been determined in this report (see Figure 5). The branch site recognition sequences and the Sm sites
are boxed and shaded, respectively. The dotted arrow marks the 9e primer used in the experiment shown in Figure 5.
tive kink-turns. The primary and secondary structures whether the kink-turns are also conserved phylogeneti-
cally, we identified mgU2-25/61 and mgU12-22/U4-8of these motifs are highly similar (Figure 4C), even
though the remaining sequences in mgU2-25/61 and RNAs from other species by searching genomic se-
quence databases using the human RNAs as query se-mgU12-22/U4-8 RNAs are completely different. To learn
Figure 2. Northern Blot Analysis of Human
mgU2-19/30, mgU2-25/61, and mgU12-22/
U4-8 RNAs
HeLa cell nuclear RNA was fractionated on
8% denaturing polyacrylamide gels, blotted
to Zeta-probe membranes and probed for
mgU2-19/30 RNA using riboprobes specific
for either the mgU2-19 (lane 1) or mgU2-30
(lane 2) domain, for mgU2-25/61 RNA with
oligonucleotide probes for either the U2-25
(lane 3) or mgU2-61 (lane 4) domain, and for
mgU12-22/U4-8 RNA with oligonucleotide
probes for either the U12-22 (lane 5) or
mgU4-8 (lane 6) domain. The faint bands in
lanes 3 and 5 do not seem to represent the 5
domains because they are not reproducible.
The mgU2-19/30 RNA frequently separates
into two bands or a dominant lower band with
a smear above. The slow-migrating forms
most likely reflect either alternative structural
conformers or a retardation of mgU2-19/30 RNA by virtue of its interaction with other RNA(s) since they collapse to the lower band when
partially purified mgU2-19/30 RNA preparations are subjected to electrophoresis. Interestingly, mgU2-19/30 RNA contains a 40 nt long GU
repeat, which may hybridize to abundant CA repeats present in numerous precursor and mature mRNAs. “O” marks the gel origin.
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Figure 3. Human mgU2-19/30 RNA
Primary and predicted secondary structures
of the snoRNA domains are shown, as well
as base pairing interactions between the anti-
sense elements and U2 snRNA. Boxes C and
D or C and D are circled in black or grey,
respectively. The arrows and arrowheads in-
dicate the ends of mgU2-19 and mgU2-30
RNAs, respectively. The 2-O-methylated res-
idues in U2 snRNA are marked by “m.”
quences in the BLAST algorithm. We found putative methylated site [34]. The appearance of a stop at G23
in the HeLa cell RNA (lanes 5–7) but not in the in vitro-mgU2-25/61 RNA genes in several vertebrate (dog,
mouse, rat, frog [X. tropicalis], pufferfish, and zebrafish) produced RNA (lanes 8–10) strongly indicates that G22
is indeed 2-O-methylated. This analysis also revealedand in two chordate Ciona species, as well as mgU12-
22/U4-8 RNA in mouse and rat. The expression of the that A8 and G18 undergo 2-O-methylation as well.
mouse and rat RNAs was validated by the identification
of EST clones either identical or highly similar to the mgU2-25/61 and mgU12-22/U4-8 RNAs Possess
genomic sequences. EST database searches further Methylated Guanosine Caps
identified an X. laevis mgU2-25/61 RNA. The human mgU2-25/61 and mgU12-22/U4-8 genes ap-
All the mgU2-25/61 and mgU12-22/U4-8 sequences pear to be located in intergenic spacers (our unpub-
possess 5 snoRNA-like domains with conserved anti- lished data), suggesting that both RNAs are indepen-
sense elements for 2-O-methylation of G25 in U2 and dently transcribed. Since the majority of snRNAs and
G22 in U12 snRNA, respectively, followed by kink-turn some snoRNAs that are independently synthesized by
structures (Figure 4C and data not shown). They also RNA polymerase II possess trimethylguanosine (TMG)
contain canonical 3 snoRNA domains. Whereas the caps, we checked whether mgU2-25/61 and mgU12-22/
kink-turn structures are nearly identical in all identified U4-8 RNAs were precipitable by the monoclonal K121
vertebrate and chordate species, boxes C and D in the anti-TMG antibody (Figure 6A). Immunoprecipitation of
U2-25 and U12-22 domains diverge significantly from deproteinized HeLa cell nuclear RNA revealed signifi-
their consensus sequences; in fact, box C in the U2-25 cant amounts (15%) of mgU2-25/61 precipitating with
domain cannot be identified by sequence comparison the anti-TMG (lane 3) but not the control anti-Sm (lane
alone (Figures 4A and 4B and data not shown). This 2) antibody. Small but significant levels (2%) of
may explain why the U2-25 and U12-22 domains do not mgU12-22/U4-8 were precipitable by anti-TMG (lane 3
accumulate by themselves in HeLa cells (Figure 2, lanes and data not shown). Note that about 30% of intron-
3 and 5). encoded mgU2-30 was also precipitable with anti-TMG
(lane 3), even though this RNA is not expected to pos-
sess a methylated guanosine cap. However, inclusion ofThe G22 Residue in U12 snRNA Is 2-O-Methylated
The G25 residue has been found to be 2-O-methylated an RNA denaturation step prior to immunoprecipitation
(lane 4) abolished this signal, suggesting that interactionin all studied animal, plant, and yeast U2 snRNAs [3,
33]. However, the methylation status of the analogous of mgU2-30 with its methylation substrate, U2 snRNA,
which does contain a TMG cap and is efficiently (50%)residue in U12 snRNA has not yet been established.
Therefore, we performed primer extension analysis of precipitable under both sets of conditions (lanes 3 and
4), was responsible. Neither the intron-encoded doubletthe 5 portion of human U12 snRNA in the presence of
suboptimal concentrations of dNTPs (Figure 5). Under mgU2-19/30 RNA nor any of the singlet RNA products
of mgU2-25/61 and mgU12-22/U4-8 was precipitablesuch conditions, 2-O-methyl groups interfere with the
normal progression of reverse transcriptase and cause upon denaturation of the RNA (lane 4). In contrast, RNA
denaturation increased the precipitability of mgU2-25/the enzyme to stop frequently one nucleotide before the
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Figure 4. Human mgU2-25/61 and mgU12-22/U4-8 RNAs
(A and B) Primary and predicted secondary structures of the snoRNA and snoRNA-like domains. The arrows and arrowheads mark the ends
of mgU2-61 (MBII-382) and mgU4-8 (U91) RNAs, respectively.
(C) Predicted kink-turn structures (boxed) in the U2-25 and U12-22 domains of selected vertebrate (human [H. sapiens], mouse [M. musculus],
frog [X. laevis], pufferfish [T. rubripes], and zebrafish [D. rerio]) and chordate (sea squirt [C. savignyi]) species. Canonical boxes C and D are
circled in black, while the diverged boxes C and D, as well as boxes C and D, are gray. The 2-O-methylated residues in U2 and U4 snRNAs
are marked by “m.”
61 to 30% and particularly that of mgU12-22/U4-8 to ciency. Taken together, these data suggest that a sub-
stantial fraction of mgU2-25/61 RNA possesses a17% (lane 4), indicating that the caps were poorly acces-
sible in the native RNAs. These data strongly suggest trimethylated guanosine cap. On the other hand, we did
not observe detectable precipitation of mgU12-22/that both mgU2-25/61 and mgU12-22/U4-8 RNAs con-
tain methylated guanosine caps, while mgU2-19/30 and U4-8 RNA by the R1131 serum. Thus, the data are most
consistent with this RNA containing monomethylatedthe singlets do not. However, the extent of methylation
of these caps could not be assessed, since the K121 guanosine cap. A detailed assessment of the methyla-
tion status of the 5 caps in both RNAs will need furtheranti-TMG antibody has been recently demonstrated to
possess a significant affinity for monomethylated caps investigation.
[32]. Thus, because of the low efficiency of immunopre-
cipitation, particularly of mgU12-22/U4-8, monomethyl The mgU2-25/61 and mgU12-22/U4-8 RNA Genes
The presence of methylated guanosine caps argues thatcaps could not be excluded.
To confirm that mgU2-25/61 and mgU12-22/U4-8 mgU2-25/61 and mgU12-22/U4-8 RNAs are indepen-
dently transcribed by RNA pol II. To obtain additionalRNAs indeed possess trimethylated caps, we used the
TMG-specific R1131 serum [35]. A significant fraction evidence in support of this notion, we searched the
sequences flanking the coding regions of mgU2-25/61(6%) of mgU2-25/61 RNA was precipitated by the
R1131 antibody (Figure 6B, lanes 3 and 4). Considering and mgU12-22/U4-8 RNAs for promoter and 3 end for-
mation signals. Since we mapped the ends of both RNAsthe lower precipitation efficiency of control U2 snRNA
(11%) with R1131, both K121 and R1131 antibodies pre- in human (data not shown), we first looked for these
signals in this organism. We also mapped the ends ofcipitate mgU2-25/61 RNA with comparable relative effi-
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fied yet another promoter motif, a Staf-responsive ele-
ment (Staf-r.e.), located only a few nucleotides upstream
of the TATA box. The consensus sequence of this motif
in the mgU2-25/61 promoter closely matches (95% iden-
tity) the 19 nt long consensus derived earlier from the
alignment of small RNA promoters and from binding site
selection [36]. The sequence comparison also revealed
several other blocks of conserved mammalian se-
quences whose identities remain to be established.
However, it did not identify either the PSE or the octamer
motif, two key elements of the snRNA gene promoters
(reviewed in [37]).
Similar alignment of the mgU12-22/U4-8 gene pro-
moters from five mammalian species did not identify
snRNA-type promoter elements or a TATA box. Instead,
an inverted CCAAT motif was identified about 30 nts
upstream of the transcription start sites (Figure 7 and
Supplemental Figure S2). Searches of the 3 flanking
sequences failed to identify in either of the genes the
3 box that is essential for 3 end formation of the RNA
Figure 5. Mapping 2-O-Methyl Groups in Human U12 snRNA
pol II-transcribed snRNAs (reviewed in [38]). Taken to-
The 5 end-labeled primer 9e (see Figure 1) [59] was extended by gether, these observations further argue that vertebratereverse transcriptase in the presence of decreasing amounts (0.5,
mgU2-25/61 and mgU12-22/U4-8 RNAs are transcribed0.083, and 0.014 mM) of dNTPs using either HeLa cell nuclear RNA
independently by RNA pol II utilizing TATA-containing(lanes 5–7) or in vitro synthesized U12 snRNA (lanes 8–10). Lanes 1–4
show U12 sequencing ladders generated by the dideoxynucleotide and TATA-less mRNA gene-type promoters, respec-
termination method in the presence of 0.5 mM dNTPs using HeLa tively.
nuclear RNA. 2-O-methyl groups are identified at A8, G18, and G22
(see Figure 1).
Subnuclear Localization of the Doublet
and Singlet Guide RNAs
Several guide RNAs for modification of RNA pol II-tran-mgU2-25/61 in frog X. laevis; however, the gene encod-
ing this RNA was not found in the sequence database. scribed snRNAs, including U91 (here referred to as
mgU4-8), have been demonstrated to reside in CajalTherefore, we searched the mgU2-25/61 gene of the
closely related species X. tropicalis. bodies and thus are recovered in the nucleoplasmic
fraction during HeLa cell fractionation [22, 23]. To checkPutative TATA elements were located about 25 nts
upstream of the transcription start sites in both human whether this is also the case for mgU2-19/30, mgU2-
25/61, and mgU12-22/U4-8 RNAs or the single domainand frog mgU2-25/61 genes (Figure 7). Alignment of
about 250 nts of the human and frog 5 flanking se- species, we separated purified HeLa cell nuclei into nu-
cleoplasmic and nucleolar fractions and probed for thequences with corresponding regions from five other ver-
tebrate species revealed conservation of this element guide RNAs by Northern blotting (Figure 8). Interestingly,
all three doublet RNAs cofractionate with the nucleo-(see Supplemental Figure S1). This alignment also identi-
Figure 6. mgU2-25/61 and mgU12-22/U4-8
RNAs Possess Methylated Guanosine Caps
RNAs were precipitated from a HeLa cell nu-
clear RNA preparation with either K121
monoclonal (lanes 3 and 4 in panel [A]) or
R1131 polyclonal (lanes 3 and 4 in panel [B])
anti-TMG antibodies and probed for the indi-
cated RNAs by Northern blotting. The Y12
monoclonal anti-Sm antibody (lanes 2) was
used as a negative control. The RNA shown
in lanes 4 and 7 was denatured prior to immu-
noprecipitation by heating for 5 min at 94C
in water and snap cooling on ice. Lanes 1
and 5–7 show input and supernatant RNAs,
respectively, from half as many cells as in
lanes 2–4.
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Figure 7. Schematic Representation of the
Vertebrate mgU2-25/61 and mgU12-22/U4-8
Genes
The organization of the vertebrate telomerase
RNA and other small RNA genes are shown
for comparison. The coding regions are rep-
resented by arrow-ended bars. SPH (Staf-r.e.)
is present in 70% of small RNA gene promot-
ers [36]. The DSE in some genes contains
additional motifs. The distance between the
PSE and DSE may vary greatly. Not drawn to
scale. Conservation of the mgU2-25/61 and
mgU12-22/U4-8 promoter sequences is
shown in Supplemental Figures S1 and S2,
respectively.
plasm along with the control Cajal body-associated U85. C/D snoRNA-like domain upstream of a typical box C/D
domain.In contrast, all the singlet RNAs, including mgU4-8 (U91)
RNA, were recovered predominantly in the nucleolar
fraction, similar to U15 snoRNA. These results are con- A Novel Conserved snoRNA-like Domain
sistent with the Cajal body localization of the doublets In the atypical 5 domains of mgU2-25/61 and mgU12-
mgU2-19/30, mgU2-25/61, and mgU12-22/U4-8, al- 22/U4-8 RNAs, boxes C and D rather than C and D are
though at present we cannot exclude that other nucleo- putatively involved in kink-turn formation, while boxes
plasmic locale(s) may harbor these RNAs. Because the C and D in both RNAs diverge significantly from the
mgU4-8 (U91) sequences are also present in the more consensus sequences (Figure 4). Conservation of the
abundant mgU12-22/U4-8 doublet, the Cajal body signal C/D kink-turn across a wide range of organisms sug-
reported by Darzacq et al. [22] most likely originated gests that it, rather than a C/D motif, binds the 15.5
from hybridization to mgU12-22/U4-8 RNA. kDa protein that nucleates further assembly of the 5
domains. In a canonical snoRNA, the 15.5 kDa protein
Discussion binds the C/D motif, an interaction essential for the as-
sembly of other snoRNP core proteins [7, 12, 13, 39].
We have identified three novel box C/D guide RNAs for Since the 5 domains do not accumulate by themselves,
2-O-methylation of RNA pol II-transcribed snRNAs. One it is difficult to assess by immunoprecipitation whether
of these RNAs, mgU2-19/30, is composed of two canoni- they bind the 15.5 kDa and other box C/D snoRNP core
cal box C/D snoRNA domains, while two others, mgU2- proteins, since all of these proteins are expected to
25/61 and mgU12-22/U4-8, each possess a novel box be also present on the 3 domains. We attempted to
separate the domains by oligonucleotide-directed
cleavage using RNase H, but thus far the experiments
have been unsuccessful. The protein composition of the
5 domains will be the focus of separate studies.
In mgU2-25/61 and mgU12-22/U4-8 RNAs, the 5 do-
mains appear to be circularly permuted versions of the
canonical box C/D snoRNAs. Such permuted snoRNAs
are unstable by themselves (Figure 2), most likely due
to susceptibility of their ends to exonucleolytic trimming.
It is well established that an intact C/D motif is essential
for the accumulation of canonical snoRNAs (reviewed
in [27, 40]). In the case of mgU2-25/61 and mgU12-22/
U4-8 RNAs, protection of the 5 domains against 5 and
3 exonucleases is apparently provided by the methyl-
ated guanosine caps and the 3 snoRNA domains, re-
spectively.
Differential Subnuclear Localization
of the Doublet and Singlet Guide RNAs
Figure 8. Intranuclear Localization of Human mgU2-19/30, mgU2-
For all three doublet guide RNAs, the snoRNA but not25/61, and mgU12-22/U4-8 RNAs
the snoRNA-like domains accumulate to significant lev-
HeLa cell nuclei were fractionated into nucleoplasm and nucleoli.
els as separate RNA species (Figure 2). For instance,RNA was isolated from each fraction, resolved on 8% denaturing
the abundance of the mgU2-30 singlet is comparablepolyacrylamide gels, and probed for the indicated RNAs by Northern
blotting. to that of the corresponding mgU2-19/30 doublet spe-
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cies. At present, the mechanism by which the singlet the presence of mgU2-25/61 and mgU12-22/U4-8 se-
quences on differently sized RNAs.RNAs are produced is unknown.
Since the corresponding doublet and singlet mgRNAs Since all cellular RNAs carrying methylated guanosine
caps are produced by RNA polymerase II, we favor thelocalize to different subnuclear compartments (Figure 8),
the question of which form(s) perform the modification idea that this polymerase synthesizes mgU2-25/61 and
mgU12-22/U4-8 RNAs. This notion is further supportedreactions in the cell arises. RNA pol II-transcribed
snRNAs are believed to undergo modification in the nu- by the occurrence in the vertebrate mgU2-25/61 and
mgU12-22/U4-8 genes of the type of promoter elementscleoplasmic Cajal bodies [15], and because the doublet
RNAs cofractionate with the nucleoplasm, they most that usually directs the synthesis of mRNA (Figure 7). All
previously characterized metazoan modification guidelikely are the functional entities in the cell. It is conceiv-
able that the singlet forms are simply stable by-products RNAs are encoded in introns and therefore are cotrans-
cribed with their host genes (reviewed in [27]). This is thegenerated during turnover of the doublet species. They
may localize by default to the nucleoli because they first report of independently transcribed modification
guide RNAs in metazoan cells.may lack putative Cajal body retention signal(s). Such
a retention signal has been recently proposed for box Among the metazoan small nuclear RNAs, seven of
the nine snRNAs contributing to the major and minorH/ACA RNAs [26]. On the other hand, nucleoli, as well
as Cajal bodies, have been implicated in U2 snRNA spliceosomes (reviewed in [37]), telomerase RNA [46],
and box C/D U3, U8, and most likely U13 snoRNAsmodification [41], and snRNP components are observed
in nucleoli upon injection into either mammalian somatic (reviewed in [27]) are produced by RNA pol II. Whereas
the genes for the spliceosomal snRNAs and U3 and U8cells or Xenopus oocytes [42, 43]. Thus, it remains to
be established whether the box C/D singlets contribute snoRNAs possess unique promoter and 3 end forma-
tion signals (reviewed in [37, 38, 47]), the telomeraseto the modification of RNA pol II-transcribed snRNAs.
RNA gene also carries a promoter that resembles those
of protein coding genes [48, 49]. Therefore, the tran-Importance of the 2-O-Methyl Modifications
scription units of mgU2-25/61, mgU12-22/U4-8 RNAs,Directed by the snoRNA-like Domains
and vertebrate telomerase RNA are similar. Anotherof mgU2-25/61 and mgU12-22/U4-8 RNAs
common feature of all three RNAs is the presence ofAmong the 2-O-methyl groups directed by the guide
snoRNA domains at their 3 ends. The H/ACA snoRNARNAs described in this report, those present at G25 in U2
domain in vertebrate telomerase RNA is essential forand G22 in U12 snRNA deserve comment. Methylation of
its accumulation and proper 3 end formation [50, 51].G25 is conserved in all studied animal, plant, and yeast
Whether this is also the case for mgU2-25/61 andU2 snRNAs [3]. G25 is located within the 5 proximal
mgU12-22/U4-8 RNAs remains to be established.stem-loop structure of U2 snRNA that constitutes a part
Although the mgU2-25/61, mgU12-22/U4-8, and telo-of the region believed to interact with the essential splic-
merase RNA gene promoters all possess elements char-ing factor SF3b [17]. Moreover, modification of the first
acteristic of protein coding genes, each promoter is27 nts in Xenopus U2 snRNA is necessary for the assem-
unique. Most prominently, the mgU2-25/61 RNA pro-bly of the functional U2 snRNP particle [19]. The G25
moter features a Staf-responsive element that is foundand G22 residues occupy analogous positions in the 5
in 70% of snRNA promoters recognized by either RNAstem-loops of U2 and U12 snRNAs, respectively (see
pol II or pol III [36]. The Staf-responsive element bindsFigure 1). Since the SF3b complex is a component
the zinc finger protein Staf that is capable of activatingshared by both the U2 and U12 snRNPs [44], it is very
transcription of not only snRNA but also mRNA geneslikely that the modifications at G25 and G22 contribute
[52]. However, only four protein coding genes, whoseto the recognition of U2 and U12 snRNAs by the SF3b
transcription is activated by Staf, have been identifiedcomplex.
so far ([53] and references therein). The discovery of the
Staf binding site in an mRNA-type promoter directing
Unusual pol II-Type Promoter Elements synthesis of a small RNA will undoubtedly also aid in
for the mgU2-25/61 and mgU12-22/U4-8 understanding the transcription of protein coding genes.
RNA Genes
The presence of methylated guanosine caps on mgU2-
25/61 and mgU12-22/U4-8 strongly argues that these Independently Transcribed Modification Guide
RNAs in Metazoa—Evolutionary ImplicationsRNAs are independently transcribed. All known RNA
capping reactions require a 5 triphosphate, and tran- Independent transcription is common among yeast,
plant and protozoan modification guide RNAs (reviewedscription initiation is the only way a transcript can ac-
quire a 5 triphosphate. The single known exception to in [30, 54]). The discovery of mgU2-25/61 and mgU12-
22/U4-8 RNAs supports the idea that independently5 triphosphate-dependent capping is the snatching of
a capped oligonucleotide from a host mRNA in cells transcribed guide RNAs were common in an early ances-
tor that gave rise to animal, plant and yeast cells. Onlyinfected by orthomyxovirus [45]. We think it highly un-
likely that our HeLa cells are infected by an orthomyxovi- later, during the evolution of metazoan organisms, have
snoRNA genes shifted to introns. Because the 3 do-rus, and snatched caps have previously been seen only
on viral mRNAs, not on cellular small RNAs. Moreover, mains of mgU2-25/61 or mgU12-22/U4-8 are stable by
themselves, either duplication followed by transpositionin our numerous Northern blot analyses of both mgU2-
25/61 and mgU12-22/U4-8 RNAs using a variety of oligo- or retrotransposition of a mgU2-25/61- or mgU12-22/
U4-8-type gene into an intron would give rise to annucleotide and full-size probes, we have never detected
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scribed with T7 and SP6 polymerase, respectively. Human U12intron-encoded snoRNA corresponding to the 3 do-
snRNA transcripts were prepared from pT7T3U12 plasmid (createdmain. It will be interesting to learn whether mgU2-25/61
by inserting U12 preceded by a T3 promoter into the SmaI site ofand mgU12-22/U4-8 RNAs represent molecular fossils
the pGEM-3Z vector) cut with SmaI using T3 RNA polymerase.
of independently-transcribed modification guide RNAs
or whether a larger class of such guides exists in modern Supplemental Data
metazoan organisms. Supplemental Data including two figures showing sequence align-
ments of the promoter regions of the mgU2-25/61 and mgU12-22/
Experimental Procedures U4-8 RNA genes are available at http://www.current-biology.com/
cgi/content/full/14/22/1985/DC1/.
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Accession Numbers
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Section of the DDBJ/EMBL/GenBank databases under the acces-
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